The Hybrid cochlear implant (CI), also known as Electro-Acoustic Stimulation (EAS), is a new type of CI that preserves residual acoustic hearing and enables combined cochlear implant and hearing aid use in the same ear. However, 30e55% of patients experience acoustic hearing loss within days to months after activation, suggesting that both surgical trauma and electrical stimulation may cause hearing loss.
Introduction
Hearing aids (HAs) and cochlear implants (CIs) have become highly successful treatments for hearing loss (HL) and deafness. While these devices benefit many individuals by improving speech recognition, some limitations still exist. For example, highfrequency sensorineural HL is the most common type of HL observed in the clinic, but clinical reports and literature indicate that providing high-frequency amplification in these patients does not always restore speech understanding (Pavlovic, 1984; Kamm et al., 1985; Ching et al., 1998; Hogan and Turner, 1998) . At the same time, these patients typically do not qualify for full-insertion CIs because they have too much residual hearing.
The Hybrid CI, also known as electric and acoustic stimulation (EAS), was developed to address the above limitations of the HAs and CIs for these patients (Kiefer et al., 2002; Gantz and Turner, 2003) . This is a new type of CI that preserves residual hearing and enables patients to use a hearing aid in the same ear with the cochlear implant after implantation. The use of a shorter, thinner CI electrode array makes it possible to reduce implantation trauma in the low-frequency region of the cochlea, since the array is only inserted into the basal to middle part of the cochlea, leaving the apical cochlea intact. When "soft" surgery techniques are used, low-frequency residual hearing can be preserved. In addition to improving speech recognition in quiet, the Hybrid CI allows patients to perform better in speech recognition in competing background noise (Wilson et al., 2003; Turner et al., 2004 Turner et al., , 2008 and musical melody recognition (Gfeller et al., 2006) compared to full insertion CI patients.
However, optimum benefit from Hybrid CIs depends on preservation of residual hearing within the implanted ear. Gantz et al. (2009) reported that 30% of Cochlear Nucleus Hybrid CI recipients had greater than 30 dB of mean low-frequency threshold shifts postoperatively. In their study, HL occurred at different time points ranging from between surgery and CI activation to within 3e36 months after CI activation. Similarly, Gstoettner et al. (2009) reported that 55.6% of the Med-EL Flex EAS recipients (5 out of 9 subjects) showed greater than 10 dB elevations in average puretone thresholds from 125 to 750 Hz between 1 month and 17 months after implantation. Santa Maria et al. (2013) also reported progressive changes in hearing preservation over time after implantation. At 0e3 months after implantation, complete, partial, and minimal hearing preservation rates were reported as 42.9%, 50%, and 7.1%, respectively. However, several months after implantation, hearing preservation rates decreased to 22.2%, 66.7%, and 11.1% at 6e12 months and 25%, 12.5%, and 37.5% at 12e24 months after implantation, respectively. These study results suggest that the residual HL can occur anytime after implantation and may be delayed effects of surgical trauma and/or electrical stimulation delivered by the Hybrid CI into the cochlea.
Potential mechanisms of delayed HL related to surgical trauma include direct mechanical trauma to the basilar membrane or osseous spiral lamina (Briggs et al., 2005; O'Leary et al., 1991; Roland and Wright, 2006) , or an inflammatory or immune response leading to hair cell death (Eshraghi et al., 2013) . Another possibility which has been under-investigated is damage to the lateral wall and the stria vascularis (SV) which could lead to threshold shifts via a reduced endocochlear potential (Wright and Roland, 2013) . The formation of fibrosis or new bone growth after implantation can also theoretically cause HL by attenuating the traveling wave (Choi and Oghalai, 2005) , and a significant but small correlation has been reported between fibrosis and ABR thresholds (O'Leary et al., 2013) .
Another possibility is that electrical stimulation itself contributes to residual HL after implantation. There are few published studies that have directly looked at residual hearing changes with electrical stimulation. Kang et al. (2010) measured residual hearing changes with cochlear implantation and electrical stimulation in both normal-hearing and chemically-deafened guinea pigs, as part of a study looking at electrical stimulation efficacy rather than residual HL. They reported that one of the implanted normalhearing guinea pigs showed postoperative hearing threshold elevations at 8 and 24 kHz (lower frequencies were not tested), but no corresponding hair cell or spiral ganglion cell pathology. Coco et al. (2007) measured hearing thresholds after long-term cochlear implantation and electrical stimulation in chemicallydeafened cats. Electrical stimulation was delivered via a CI for 6 h per day for 5 days per week for up to 252 days. Interestingly, partially deafened animals showed no significant change in acoustic hearing, which contradicts the results from Gantz et al. (2009) in Hybrid CI patients. However, the Coco et al. study (2007) stimulation protocol differed from clinical Hybrid programming in two key ways: electrical stimulation parameters were fixed rather than updated periodically during the experimental period, and electrical stimulation was provided alone without acoustic stimulation.
The goals of this study were to: 1) determine the contributions of both implantation surgery and EAS to hearing loss in a normalhearing guinea pig Hybrid CI model; 2) determine which cochlear structural changes are associated with hearing loss after surgery and EAS. An animal model was used to reduce the heterogeneity seen in human Hybrid CI patients due to differences in genetic composition, age, medical history, and medication usage, which can confound the interpretation of data, and to allow timely investigation of cochlear structural changes after hearing loss. Guinea pigs serve as an excellent Hybrid CI animal model since their cochleae are easily accessible and large enough to implant multiple electrodes in a commercially available electrode array (Kang et al., 2010) . Normal-hearing instead of deafened animals were used to further reduce confounding effects of noise-or chemically-induced hearing loss on the histology. Finally, the chronic stimulation parameters in this model were set up to simulate human Hybrid CI patients as closely as possible.
In this study, we found changes in hearing thresholds both after surgery and chronic acoustic and electric stimulation. Cochlear histology conducted at the conclusion of the study showed significant associations of implantation-induced hearing loss with stria vascularis blood vessel density and ossification, but not hair cell counts, spiral ganglion neuron density, or fibrosis area. No associations were observed for long-term hearing loss after stimulation with any of the histological measures.
Material and methods

Subjects
Eighteen male, 6-week old albino Dunkin-Hartley guinea pigs were purchased from Charles River (Wilmington, MA). Average weight was 524.8 ± 61.9 g. All animal protocols were approved by the Oregon Health and Science University Committee on the Use and Care of Animals and veterinary care was provided by the Department of Comparative Medicine.
Research design
Three groups of normal-hearing guinea pigs (n ¼ 18; n ¼ 6 per group) were studied in order to determine the effects of both implantation trauma and chronic electric and acoustic stimulation on hearing. The first group, the Chronic Acoustic Stimulation control group (CAS) consisted of non-implanted guinea pigs that received acoustic stimulation only. The second group, the No Stimulation (NS) group, underwent cochlear implantation, but received no direct acoustic or electric stimulation. The third group, the Chronic Acoustic and Electric Stimulation (CAES) group, underwent cochlear implantation and received combined acoustic and electric stimulation. Fig. 1 shows the study timeline. First, baseline auditory brainstem response (ABR) thresholds were obtained from all guinea pigs. All animals underwent gradual acclimation over 2 weeks to acoustic stimulation while in a restraint tube, starting from 15 min a day and increasing incrementally to 3 h a day. Cochlear implant surgery was performed in the NS and CAES groups 2 weeks later at the age of 8 weeks. Implanted animals were allowed to recover for 2 weeks. ABRs and electrically-evoked ABRs (EABRs) were measured in the implanted animals (NS and CAES groups) at 2 and 4 weeks after the surgery. The animals in the non-implanted CAS group were also tested for ABRs at the same intervals as the other groups. At 5 weeks following implantation, the animals in the CAES group were programmed using a combination of electrophysiological testing (EABR) to measure thresholds (T-levels) and behavioral observation to measure maximum comfortable levels (C-levels). Chronic stimulation (3 h/day) was initiated at 6 weeks after implantation and continued for 10 weeks for the CAS and CAES groups. All groups were placed in the restraint tube; the CAS group received only acoustic stimulation, the CAES group received acoustic and electric stimulation, and the NS group was placed in a separate room with no acoustic or electric stimulation. Biweekly ABRs and EABRs were performed to obtain thresholds. T-levels were adjusted if any changes were detected in the EABR thresholds, and C-levels were checked and changed weekly based on behavioral observations. All animals were sacrificed at 16 weeks after implantation and cochleae were collected for histological analysis.
Cochlear implants
Standard 8-ring animal electrode arrays with a ball electrode (#Z60275, Cochlear Limited, Lane Cove, Australia) were used in the current study. These electrode arrays were chosen because they have the same chemical composition and assembly as the clinical CI electrodes. Five to seven of the electrodes were inserted into the scala tympani.
The diameter of the implant was 0.45 mm, and the centers of the electrodes were 0.75 mm apart. Three medical-grade stainless steel brackets with screw holes were attached to each encased receptacle in order to secure the receptacle on top of the skull with medical-grade stainless steel screws. All electrode array assemblies were autoclaved and cooled to room temperature before implantation.
Surgical procedures
For all animals, the CI surgery was performed on the left ear. The animals were anesthetized with ketamine (60 mg/kg) and xylazine (5 mg/kg) through intramuscular (IM) injection. Supplemental doses of anesthetics were given as necessary. The surgical area was shaved and aseptically prepared with 70% ethanol and Betadine. Local anesthesia (lidocaine 2 mg/kg) was injected subcutaneously (SC) along the intended incisions. The subjects were placed on a heating pad and rectal temperature was maintained around 37 C. In addition to the temperature, vital signs (heart rate, respiratory rate, oxygen level, and pulse rate) were recorded using a vital signs monitor.
Surgery was performed as follows under a surgical microscope. Through a left postauricular incision, the left bulla was exposed and opened using a 1.4 mm acorn burr and rongeur to gain access to the round window niche. Through a midline skull incision, the CI connector was secured to top of the skull with three screws. The CI electrode array and ball electrode were tunneled along the skull underneath soft tissue into the left bulla. The ball electrode was then positioned under the left temporalis muscle. A cochleostomy was made just inferior and anterior to the round window using a 0.5 mm diamond burr. Through the cochleostomy, the CI electrode array was inserted into the scala tympani until slight resistance was felt. Between five to seven electrodes were inserted and the number of intracochlear electrodes was recorded for each animal. Based on the cochleostomy location, insertion angle, and insertion depth, the frequencies stimulated at the tip of the electrode in the cochlea were estimated to vary between 12 and 16 kHz (Greenwood, 1990) . The cochleostomy was sealed with muscle plugs.
During this surgery, the right ear was mechanically deafened as follows: the right bulla was exposed through a right postauricular incision and opened to gain access to the round window niche. The round window and the basal turn of cochlea were opened and perilymph was thoroughly evacuated with suction. The purpose of mechanical deafening was to prevent bone-conduction crosshearing effects from the non-implanted ear on ABR threshold estimates from the CI side. At 4 weeks after implantation, this deafening procedure produced average ABR thresholds and SDs of >78.8 ± 15.7 dB SPL at 1 kHz, >76.7 ± 15.4 dB SPL at 2 kHz, >84.2 ± 11.6 dB SPL at 6 kHz, and >83.8 ± 12.1 dB SPL at 16 kHz. ABR thresholds from some animals exceeded the limit of the equipment (90 dB SPL) at 4 weeks after implantation, and by the end of the study, all animals developed ABR thresholds of 85 dB SPL or higher at all frequencies. Upon completion of the skin closure, electrode impedance was measured using Cochlear Custom Sound software. Postoperatively, chloramphenicol sodium succinate (30 mg/kg, IM), buprenorphine (0.05 mg/kg, SC), and 5-ml warmed lactated ringers (SC) were given. Vitamin C (10 mg/kg, IM) was provided for three days postoperatively. Animals were kept warm and monitored until fully conscious, and allowed to recover for 2 weeks.
Auditory brainstem response (ABR) and electrically-evoked auditory brainstem response (EABR) testing
All testing was conducted using TuckereDavis Technologies hardware and software. Prior to the testing, the guinea pigs were anesthetized with IM ketamine (30 mg/kg) and xylazine (5 mg/kg) administration and placed on the heating pad inside an acoustic booth. A rectal probe was inserted to monitor body temperature and maintain it around 37 C. Otoscopic examination was performed to check the status of the outer and middle ear. Subcutaneous needle electrodes were placed between the eyes (noninverting), below the ipsilateral pinna near the cheek (inverting), and below the contralateral pinna near the cheek (ground). Test stimuli consisted of tone bursts at 1, 2, 6, and 16 kHz (5 ms duration, 1 ms rise/fall time with Cos2 gating, 21 stimulus/sec, alternating). The speaker was placed 10 cm from the ipsilateral auditory meatus and contralateral ear was plugged with a silicon earplug. The animals' evoked responses were amplified with a gain of 5000 and band-pass filtered from 100 Hze3 kHz using a Signal Recovery Model 5113 preamplifier. Responses to 300 sweeps were averaged at each stimulus level. The level of the testing signal was initially decreased in 10-dB steps from 90 dB SPL, and then in 5-dB steps to search for the threshold, defined as the lowest level at which a detectable Wave III response was elicited and repeated.
EABRs were recorded in implanted animals immediately following ABRs starting from 2 weeks after implantation. Impedance testing was performed before each session to ensure that electrodes were not open or shorted. Custom Sound EP software and external CI components (programming pod, refurbished Freedom speech processor, and implant emulator, and custommade CI cable) were used to measure impedances and deliver electrical stimulation to the CI.
The same electrode montage and recording parameters were used as for ABR. Using the ball electrode as a ground (Monopolar 1), 300 responses to testing electrical signals (49 pulse per sec, 25 ms pulse width, 8 ms inter pulse gap, alternating current, À200 ms delay) were averaged. The electric current level was either increased or decreased in 10-CL steps (current level in microamperes (mA) on a log scale similar to dB (5.7 CL ¼ 1 dB)) from 100 CL initially, and then 5-CL steps to search for the EABR threshold, defined as the lowest current level at which a detectable Wave II or III response was elicited and repeated.
Threshold shifts for each frequency were calculated as follows. Threshold shifts after implantation were calculated as the average ABR threshold at 2 and 4 weeks after implantation minus the average ABR threshold at baseline. Threshold shifts after chronic stimulation were calculated as the average ABR threshold after 8 and 10 weeks of stimulation (14 and 16 weeks after implantation) minus the average ABR threshold at 2 and 4 weeks after implantation.
CI programming
The CIs in the CAES group were programmed at 5 weeks after implantation using the same external components as for EABR and clinical Custom Sound. The animals were placed inside a custommade restraint tube (Snyder and Salvi, 1994) during programming. The Freedom speech processor was set to use monopolar stimulation (ball electrode as a ground), the Advanced Combination Encoder (ACE) processing strategy with 6 maxima (essentially chronic interleaved sampling (CIS)), 1200 pulses per second, and a 25 ms pulse width. Frequency Table 1 was used to allocate the frequency range of 188e7938 Hz to each electrode. Impedance testing was performed before setting T-and C-levels, and only functioning electrodes were turned on. EABR thresholds were used to set Tlevels, and C-levels were determined based on behavioral responses such as pinna twitching, vocalization, agitation, and teeth chattering. These behaviors were observed to make sure that the Clevels did not cause discomfort to the animals. The CI map was created by Custom Sound software and written to the speech processor. C-levels were measured and adjusted weekly to maximize the dynamic range, as is done in the clinic, and T-levels were set according to biweekly EABR measures.
Chronic stimulation
Chronic stimulation for the CAES and CAS groups was conducted in a double-walled sound-treated booth. All animals were placed inside a custom-made restraint tube that was modified for guinea pigs (Snyder and Salvi, 1994) . Up to 6 animals with restraint tubes were placed on the table in a circle. The loudspeaker was placed 37 cm above the surface of the table in the center of the circle. Amplitude modulated white noise (50% amplitude modulation, 60 dBA) was generated using MATLAB, and was used as a stimulus since it can stimulate a broad frequency range and because modulated noise is dynamic, like speech. The stimulus was presented through Microsoft Windows Player using a desktop computer and delivered simultaneously through the loudspeaker for the acoustic stimulation for both CAS and CAES animals, and an amplifier with direct audio input (DAI) connection to a Freedom speech processor for the electrical stimulation for the CAES animals only. For CAES animals, the Freedom speech processor was connected to the animal via an implant emulator and custom cable connection to the CI receptacle on the animal's head.
The level of the amplitude modulated white noise was set at 60 dBA ±1 dB at the animal's ear level using a Brüel & Kjaer sound level meter with a 1 inch microphone. This presentation level was used since it did not cause temporary or permanent threshold shift in normal-hearing guinea pigs in a pilot study.
CAES was initiated in the CAES group at 6 weeks after implantation (3 h/day, 5 days/week) and continued for 10 weeks. For the non-implanted CAS group, only acoustic stimulation was provided for the same period of time as the CAES group. The NS guinea pigs did not receive CAES, but were placed inside the restraint tube outside of the booth (average 45.5 dBA) for the same period of time (3 h/day, 5 days/week for 10 weeks). All animals were kept in the animal care room (average 51.5 dBA) during non-stimulation period.
Histology
After 10 weeks and final ABR/EABR measurements, all animals were euthanized with an intraperitoneal injection of sodium pentobarbital (Nembutal, 100 mg/kg) or overdosed with a ketamineexylazine combination, and perfused intracardially with saline followed by fixative (2% glutaraldehyde in 0.15 M sodium cacodylate buffer). The CI receptacle was removed from the skull of implanted animals, but the electrode array was left undisturbed in the cochlea. The location of the ball electrode was photographed and recorded. The cochlea was harvested and fixed with the same fixative overnight on a rotator.
Each cochlea was decalcified in DECAL (Decal Chemical Corp, Tallman, NY) for a week and excess bone was trimmed by micro dissection during the decalcification process. Once the decalcification was complete, images of the cochlea were taken using a Leica microscope and QCapturePro software to document ossification at the cochleostomy site. Afterward, the electrode array was removed from the cochlea. The decalcified cochlea was dehydrated in ascending concentrations of ethanol. The cochlea was infiltrated with JB-4 solution and embedded in JB-4 resin (Electron Microscopy Sciences, Washington, PA). The cochlear embeds were trimmed under a microscope to cut out excess JB-4 to the size that fits a 7-mm diameter of a beam. The trimmed embed was cemented on the beam using Quick Bond so that orientation of all cochleae would be approximately the same using the apex and round window niche as a guide.
The cochlea was serially sectioned through the mid-modiolar area at a thickness of 3 mm and a series of 40 mid-modiolar sections (3 mm/section) were collected. All mid-modiolar sections were mounted on glass slides and stained with methylene blue and basic fuchsin.
Histological analysis
The same procedures used in Kang et al. (2010) were adapted for histological analysis. Briefly, 5 sections were selected from the series of 40 mid-modiolar sections and used for histological analysis. A mid-modiolar section was defined as containing 8 profiles of the organ of Corti and at least 6 profiles of Rosenthal's Canal. Among the 40 mid-modiolar sections, five were selected for analysis in the following order: x, x þ 8, x þ 16, x þ 24, and x þ 32, where x is a random number from 1 to 8. Images of each of the 5 sections were captured using a Leica microscope and Leica Application Suite software. Fig. 2 shows a light microscopic image of a mid-modiolar section of a cochlea showing different profiles (A-E) for histological analysis. Profile A is in the electrode region, profile D is about 2 kHz, and profile E corresponds to approximately 1 kHz. The quantitative data from the five sections were averaged to better estimate cochlear histology.
Following the Kang et al. (2010) definitions, cell bodies of inner and outer hair cells (IHC and OHC respectively) and spiral ganglion neurons (SGN) were counted in profiles A to E. The IHCs were counted as present if a nucleus was present, and the OHCs were counted as present if any portion of a cell body, nucleus, or stereocilia was observed. The SGN cell bodies were counted as present if the cell diameter was 12e25 mm with a nucleus between 5 and 9 mm in diameter. The Rosenthal's canal cross-sectional area was measured and SGN density was calculated as the number of SGN/ Rosenthal's canal cross-sectional area (cells/mm 2 ). The crosssectional area of the SV and vessel were measured to calculate vascular density (the proportion of a cross-section of SV occupied by vessels). All measures were conducted using ImageJ software. Because the cross-sectional areas of vessels are influenced by the angle of sectioning, which is very difficult to control, average values from five cochlear sections selected based on the above mentioned procedure were used to reduce potential variability introduced by angle variations. The area of fibrous tissue and dense mineralized tissue within the scala tympani in Profile A was measured using ImageJ and expressed as percent of the cross sectional area of the fibrous tissue and dense mineralized tissue relative to the scala tympani area.
Statistical analysis
Due to the non-normal distribution of hair cell counts, a KruskaleWallis test followed by Dunn's test was performed to examine differences in number of hair cells (experimental group Â profile). In order to examine the surgical effects on ABR thresholds, the likelihood-based mixed effects model repeated measures (MMRM) analysis was employed on the ABR threshold shits at 2 and 4 weeks after implantation relative to the baseline (pre-implantation) using group and time point as fixed (categorical) factors and baseline as a covariate. Similar analysis was performed for sound stimulation effects to examine the group difference in ABR threshold shifts at 14 and 16 weeks relative to post-implantation ABR thresholds (4 weeks after implantation).
A two-way ANOVA was used to assess group differences in preimplantation (baseline) ABR thresholds and histological measures (experimental group Â profile) for cross-sectional area of SV, SV vessels, SV density, cross-sectional area of Rosenthal's canal, number of SGNs, SGN packing density, cross-sectional area of scala tympani, and fibrous tissue. Frequency for the ABR measures and profile for the histologic measures were treated as repeated measures. Bonferroni post-hoc analyses were performed to detect which frequency or profile showed significant differences.
Linear regression analyses were performed to investigate the relationship between: 1) ABR threshold shift after implantation at 16 kHz and threshold shift after chronic stimulation at 1 kHz; 2) individual ABR threshold shifts and histological measures; 3) poststimulation ABR threshold shift at 1 kHz and post-implantation ABR threshold shift in high frequencies. R and p-values from the Pearson two-tailed correlation test were calculated to evaluate a goodness of fit and slope. Due to the small sample size, Fisher's exact one-tailed test was used to investigate an association between ossification and ABR threshold shifts after implantation at 6 and 16 kHz.
Results
ABR threshold shifts after implantation and stimulation
Preoperative baseline ABR thresholds for all groups indicated no statistically significant differences among groups before implantation (two-way ANOVA; F ¼ 0.8273, p ¼ 0.4562; data not shown). After implantation, animals in the CAES and NS groups showed a range of threshold shifts from 0e45 dB at 6 kHz and 0e55 dB at 16 kHz, as shown in Fig. 3a (CAES) and 3b (NS). The MMRM revealed a significant group effects on ABR threshold shifts at 6 kHz (F ¼ 8.52, p ¼ 0.0038) and 16 kHz (F ¼ 7.97, p ¼ 0.0049) after implantation, not at 1 kHz or 2 kHz. The post-hoc analysis revealed significant ABR threshold shifts at 6 kHz between CAES and CAS (F ¼ 14.72, p ¼ 0.0018) and NS and CAS (F ¼ 11.21, p ¼ 0.0048); at 16 kHz, CAES vs. CAS (F ¼ 15.10, p ¼ 0.0016), CAES vs. NS (F ¼ 7.21, p ¼ 0.0178). The difference in ABR thresholds after surgery between the NS and CAES is likely due to random variability in surgical outcomes across animals. Fig. 4 shows representative data from one CAES animal (n5) showing all the ABR thresholds over the experimental period. After 10 weeks (of chronic sound stimulation for the CAES or CAS groups, or restraint only for the NS group), additional threshold shifts larger than 10 dB relative to ABR thresholds after implantation were seen at 1, 2, and/or 16 kHz in some CAES animals. Threshold shifts (difference between ABR threshold at 4 and 16 weeks after implantation) for CAS, CAES, and NS animals are shown as green, red, and blue bars in Fig. 5 : (a) 1 kHz; (b) 2 kHz; (c) 6 kHz; (d) 16 kHz). Of the CAES group, 4 of 6 animals showed threshold shifts of greater than 10 dB at 1 kHz and 1 animal at 2 kHz (red arrows, Fig. 5a and b). The majority of CAS and NS animals did not show threshold shifts at 1 kHz; only one NS animal showed a threshold shift at 1 kHz (n26, blue arrow in Fig. 5a ), and this animal also happened to be the only animal with additional threshold shift at 16 kHz (Fig. 5d) ; another NS animal showed a greater than 10 dB shift at 6 kHz (n4, blue arrow in Fig. 5c ). However, MMRM analysis revealed no statistically significant group effects on ABR threshold shifts after chronic sound stimulation relative to post-implantation ABR thresholds at any frequencies. It should be noted that the one animal that showed additional HL after 10 weeks in the NS group at 1 and 16 kHz (n26) also differed from the others due to the presence of blood in the apical part of the cochlea observed at the time of cochlear collection, which might have caused changes in ABR thresholds at both 1 kHz and 16 kHz (Radeloff et al., 2007) . If this animal is excluded from the analysis, then the CAES group had a significantly higher proportion of animals with more than 10 dB of HL at 1 kHz (Fisher's exact one-tailed test, p < 0.05).
Because animals in the CAES group had significantly larger threshold shifts at 16 kHz after implantation than animals in the NS group, a regression analysis was performed to rule out the possibility that greater threshold shifts after surgery at 16 kHz could eventually lead to greater threshold shifts at 1 kHz after 10 weeks. Regression analysis between threshold shift after implantation at 16 kHz (difference between baseline and 4 weeks after implantation) and threshold shift after chronic stimulation at 1 kHz (difference between 4 and 16 weeks after implantation) revealed no statistically significant correlation (R ¼ 0.4378, p ¼ 0.1546, twotailed linear regression), which indicates that the threshold shift at 1 kHz in the CAES group is not related to the amount of hearing loss at 16 kHz developed after surgery.
Histology
Hair cell (HC) counts and spiral ganglion neuron (SGN) packing density
The number of OHCs was counted in each profile in all animals, and a KruskaleWallis test followed by the Dunn's test revealed no significant group differences in the number of OHCs in all profiles in any group comparison. IHCs were present in all profiles in all animals. Two-way ANOVAs revealed no significant group differences in SGN packing density in any profiles in any group comparison. IHC counts, OHC counts, and SGN packing density in Profile A, which corresponds to the electrode insertion region, were not correlated with the threshold shifts after surgery in CAES and NS animals at 6 and 16 kHz (Pearson two-tailed correlation test; Fig. 6aec ). Similarly, IHC counts, OHC counts, and SGN packing density in profile E, which corresponds approximately to the 1 kHz region, were not Fig. 3 . ABR threshold shifts after implantation at 1, 2, 6, and 16 kHz for animals in the CAES (a) and NS (b) groups. Threshold shifts ranged from 0e45 dB at 6 kHz and 0e55 dB at 16 kHz. Five CAES animals showed greater than 10 dB ABR threshold shift at 16 kHz after surgery (n1, n5, n24, n25, and n27) and three NS animals showed greater than 10 dB of threshold shift at 16 kHz after surgery in the NS group (n9, n15, and n26). (n5) showing all the ABR thresholds over the experimental period. This animal showed additional 15-dB threshold shifts at 1 kHz at 16 weeks after implantation (after 10 weeks of chronic sound stimulation) at 1 kHz relative to the ABR threshold at 4 weeks after implantation. correlated with the threshold shifts in CAES animals at 1 kHz (Pearson two-tailed correlation test; n1, n5, n8, n25, n26; data not shown).
Stria vascular is (SV) area, blood vessel area, and blood vessel density
Two-way ANOVAs revealed no significant group differences in SV density in any profiles in any group comparison (see example data for Profile A in Fig. 6d ). However, a correlation analysis of individual data from all animals plotted versus thresholds revealed a significant negative correlation between SV density in profile A (electrode region) and thresholds at 6 kHz Fig. 7c , R ¼ À0.598, p ¼ 0.009, two-tailed linear regression) and 16 kHz (Fig. 7d , R ¼ À0.511, p ¼ 0.030, two-tailed linear regression) at 16 weeks after implantation. The results indicate that higher thresholds at 6 and 16 kHz at 16 weeks after implantation are associated with lower SV densities. The majority of the CAES and NS animals had high ABR thresholds at 6 and 16 kHz and low SV densities in profile A, which corresponds to the electrode region. The overall difference in SV structure can be seen in example images for an animal with good hearing preservation and significant high-frequency hearing loss in Fig. 7a and b, respectively. When the overall SV area and SV vessel areas were examined, significant correlations were also observed, suggesting that the significant effect seen for SV density is due to both increases in SV area and decreases in SV vessel area. A significant positive correlation was seen for SV area versus thresholds at 6 kHz ( Fig. 7e ; R ¼ 0.534, p ¼ 0.029) and a significant negative correlation was seen for SV vessel area versus thresholds at 6 kHz ( Fig. 7f ; R ¼ À0.526, p ¼ 0.025). A significant correlation was also seen for SV vessel area versus thresholds at 16 kHz Significant linear correlations indicated that the lower the vascular density in the CI electrode region, the more hearing loss was detected at 6 k and 16 kHz. (e) A significant positive correlation was also seen for total SV area versus ABR threshold at 6 kHz (R ¼ 0.534, p ¼ 0.029). This indicated that the higher the SV area in the electrode region, the more hearing loss was detected at 6 kHz. (f) A significant negative correlation was also seen for total SV blood vessel area versus ABR threshold at 6 kHz (R ¼ À0.526, p ¼ 0.025). This indicates that smaller overall blood vessel size was associated with more hearing loss at 6 kHz.
(R ¼ À0.474, p ¼ 0.0471; not shown), but not for total SV area versus thresholds at 16 kHz (R ¼ 0.258, p ¼ 0.3; not shown).
Ossification at cochleostomy site
Ossification at the electrode insertion site was observed in three CAES animals (n1, n5, and n25) and three NS animals (n9, n15, and n26). Fig. 8 shows examples of ossification observed in n5 (CAES, a) and lack of ossification observed in n8 (CAES, b). In n5, the electrode array was covered by bone (black arrow) while the electrode array in n8 is clearly seen without bony coverage. No association was seen between ossification and low-frequency threshold changes at 1 kHz in n1, n5, n8, n25 due to chronic stimulation (Fisher's exact one-tailed test, p ¼ 0.2835). However, a significant association between ossification and high-frequency HL was observed (Fisher's exact one-tailed test, p ¼ 0.0303). Table 1 shows the classification of implanted animals based on presence of ossification and/or highfrequency HL at 6 and/or 16 kHz after implantation. Fig. 9a shows an example of fibrous tissue growth in a midmodilar section in Profile A in n9. After percent fibrous tissue area (re: scala tympani area) in Profile A was calculated, threshold shifts at 6 and 16 kHz were plotted against percent fibrous tissue area for implanted animals. Fig. 9b shows a scatter plot of threshold shift after implantation at 6 and 16 kHz and fibrous tissue area (6 kHz: p ¼ 0.327, R ¼ 0.310, 16 kHz: p ¼ 0.536, R ¼ 0.197, two-tailed linear regression), suggesting a weak positive relationship but no statistically significant correlations between threshold shifts after surgery and fibrous tissue growth in the electrode region.
Fibrous and dense mineralized tissue growth
The same Profile A slides that were used in fibrous tissue analysis were used to measure blue-purple dense areas (indicative of "dense mineralized tissue", i.e. bone or tissue in the process of transitioning to bone; MacArthur et al., 2006; Khan et al., 2000) in the scala tympani. The percentage of dense mineralized tissue area (re: scala tympani area) was very low in Profile A for most animals (less than 5% for all animals except n5), and showed no correlation with high frequency threshold shifts (R ¼ 39, p ¼ 0.21; not shown).
Discussion
Normal-hearing guinea pig model of hybrid cochlear stimulation
All implanted animals experienced a range of 0e55 dB of threshold shifts in the vicinity of the electrode at 6 and 16 kHz after surgery. After 10 weeks of stimulation, more implanted, stimulated animals (CAES) had an additional 10 dB of threshold shift at 1 kHz, compared to implanted, non-stimulated animals (NS). The variation in degree of hearing loss after implantation surgery in this animal model is consistent with the variation in human Hybrid CI patients. This contrasts with other animal CI studies in which neartotal rather than partial hearing loss was observed after surgery alone. Further, we were able to replicate the delayed hearing loss seen in some human patients in the electrically stimulated animals. These two factors indicate the suitability of this animal model and stimulation paradigm as a model for human Hybrid CIs.
These findings also illustrate an advantage of a normal-hearing animal model over a hearing-impaired model generated via chemical deafening or noise exposure. In the absence of preexisting hearing loss, the damage induced by implantation can be directly measured as changes in hearing thresholds as well as through histology without questions of whether the damage arose due to the pre-existing hearing loss.
Previous studies (Coco et al., 2007; Ni et al., 1992; Shepherd et al., 1983; Xu et al., 1997) used normal-hearing animals and reported that electrical stimulation had no effect on residual lowfrequency hearing, which is inconsistent with the current study. The low-frequency hearing loss observed after 10 weeks of acoustic and electric stimulation in the current study may be due to differences in current densities from customized CI mapping, or the use of combined acoustic and electrical stimulation.
While the use of normal-hearing animals gives useful information due to lack of the confound effects of an existing hearing loss, use of animals with hearing impairment is equally important since it simulates human CI users. The majority of studies that studied hearing impaired animals with CIs used chemical deafening to induce hearing loss because of its relatively quick effects. However, etiology of hearing loss in human CI users is not limited to ototoxic-drug exposure. Future study may need to explore other partial deafening procedures such as noise-induced hearing loss or usage of animals with generic disorders to study the effects of hybrid CIs on residual hearing.
Histological correlates of post-surgical high-frequency hearing loss
Five CAES and three NS animals showed high-frequency threshold shifts immediately after surgery. Thus, these animals provided an opportunity to correlate histological measures with HL due to surgery itself. Surprisingly, no significant effect of implantation was observed on IHC, OHC, or SGN counts or densities. The lack of hair cell loss in this study is consistent with Kang et al. (2010) who reported postoperative hearing loss at 8 and 24 kHz an implanted normal-hearing guinea pig, but no corresponding HC or SGN pathology. They proposed that this may be due to HC or SGN pathology not revealed in a light microscope examination or to mechanical disruption of basilar membrane motion due to the presence of the electrode array. Other studies, however, have reported progressive hearing loss and hair cell loss due to insertion trauma during cochlear implantation surgery (Eshraghi et al., 2005; Vivero et al., 2008) . However, these studies differed from the current study in that they induced more severe hearing loss after insertion trauma, unlike the moderate degree of hearing loss observed in this study. Thus, one reason for the inconsistency may be that hair cell loss only occurs with more severe insertion trauma. In addition, one limitation of the cochlear mid-modiolar section approach used in the current study is the limited number of sections that can be analyzed. Future studies will warrant the use of a cochlear whole mount for more in depth analysis of hair cell loss in relation to residual hearing loss. The lack of effects of electrical stimulation on SGC survival are consistent with studies showing no effect of electrical stimulation (Li et al., 1999; Shepherd et al., 2005; Agterberg et al., 2010) , but differ from other studies which reported protective effects on SGN packing density (Lousteau, 1987; Hartshorn et al., 1991; Miller and Altschuler, 1995; Mitchell et al., 1997; Kanzaki et al., 2002; Miller et al., 2003; Scheper et al., 2009 ).
Although our study did not find loss of IHC, OHC, or decreased SGN counts or densities, we did find statistically significant correlations between SV vascular density in profile A and post-surgical threshold shifts at 6 and 16 kHz in all implanted animals. These findings suggest that changes in blood circulation in the basal turn of the cochlea and a resulting reduction of endocochlear potential may be more important contributors to post-surgical HL than HC or SGN survival. This is the first study to look at the effects of implantation on SV in an animal model, and the data obtained indicate that further study of these effects are warranted, as damage to the SV may be an under-investigated mechanism for surgical-traumainduced implantation HL. Certainly the involvement of the SV in damage mechanisms is not surprising given its vulnerable position along the lateral wall (Wright and Roland, 2013) and the electrode insertion trajectory, especially for a straight electrode design.
On the other hand, a significant association between ossification at the cochleostomy site and post-surgical high-frequency HL was also observed in our study. A study by Richard et al. (2012) in human temporal bones found more new bone formation and cochlear hydrops in the scala tympani of the basal turn with an enlarged round window or cochleostomy approach, compared to a round window insertion. If new bone formation contributes to HL, insertion through the RW may be a better approach for minimizing postsurgical HL.
Unlike our study which found no significant correlation between fibrosis area and post-surgical hearing loss, the recent study by O'Leary's et al. (2013) reported a significant correlation between fibrosis and the recovery of ABR thresholds in 73 implanted guinea pigs. Similarly, in our study, no correlation was seen between mineralized tissue (bone or tissue in the process of transitioning to bone) within the scala tympani and post-surgical hearing loss. The discrepancy between two studies could be largely due to differences in the number of subjects, or due to the fibrosis and mineralized tissue measurements being conducted at the electrode region rather than the cochleostomy region.
While both SV vessel density and ossification were found to be associated with high-frequency post-implantation HL, this does not necessarily imply a causal relationship of both to the HL. It may be that the HL, SV vessel density, and ossification are all associated because of a causal relationship to another as-yet uncovered histological variable. Alternatively, it may be that either SV changes or ossification alone are responsible for HL. For example, surgical trauma to the SV may directly reduce the endocochlear potential, but also have the side effect of inducing tissue repair pathways including osteogenesis and fibrogenesis. Alternatively, ossification may affect the traveling wave, and also impact the health of the SV. Further studies are needed to separate these effects and clarify why these variables are associated with post-surgical HL.
Residual hearing loss at 1 kHz
The current study also investigated whether chronic electric and acoustic stimulation could cause the delayed low-frequency residual hearing loss previously reported in Hybrid or EAS cochlear implant recipients (Gantz et al., 2009; Gstoettner et al., 2009; Santa Maria et al., 2013) . Due to the limited number of animals with large variability in residual hearing loss, we did not observe statistically significant group differences in threshold shifts at 1 kHz after chronic stimulation between the CAES and NS groups. However, a higher proportion of 4 of 6 of the CAES animals (n1, n5, n8, and n25) showed greater than 10 dB threshold shift at 1 kHz due to chronic stimulation while only 1 of 6 the NS animals (n26, which differs from the other NS animals because of the presence of blood in the cochlea and additional high-frequency HL) showed greater than 10 dB threshold shift at 1 kHz in the absence of chronic stimulation during the same period of time. The results imply that chronic stimulation may be, in part, contributing to development of residual HL in some animals. The variability in the HL across animals is also consistent with the variability of HL seen in human patients, of which approximately 30% exhibited delayed post-activation HL.
We did not find an association of post-stimulation threshold shifts at 1 kHz with the amount of high-frequency threshold shift that occurred right after implantation. However, the lack of a significant effect does not rule out a possibility that effects from both surgery and electrical stimulation could contribute to delayed development of residual HL at 1 kHz. For future studies, it would be ideal to have two groups of CAES animals with and without highfrequency HL after surgery to isolate the effects of electrical stimulation on residual HL from surgical effects. Surprisingly, no correlation was found between residual HL at 1 kHz and any of our histological analyses. No IHC loss was observed in any animals. Some OHC loss was observed in profile E in limited numbers of the animals (CAES: n24; NS: n9 and n15), but these animals were not the ones that showed residual hearing changes at 1 kHz after chronic stimulation. The lack of hair cell loss observed in our study is consistent with Coco et al. (2007) , which showed no significant changes in hair cell survival after chronic electrical stimulation. Neither SGN packing density nor SV density was associated with residual hearing loss at 1 kHz.
It is possible that the etiology of the residual HL in the Hybrid CI recipients may not be something that could be detected under a light microscope. For instance, one likely etiology would be overexcitation from the electrical stimulation. While the acoustic stimulation was conducted at a known safe level for acoustic-only stimulation at 60 dB SPL, little is known about safe levels for combined electric and acoustic stimulation. Certainly, noiseinduced HL is known to be caused by glutamate excitotoxicity in IHCs (Puel and Ruel, 1998; Kujawa and Liberman, 2009; Wang and Green, 2011) . Lin et al. (2011) reported that IHC synapses and cochlear nerve terminals are degenerated after traumatic noise exposure. A potential future study would be to use immunolabeling techniques to assess synaptic damage at IHCs in implanted guinea pigs after electro-acoustic stimulation.
Conclusions
The replication of the range of hearing loss both after surgery and after electrical stimulation in normal-hearing guinea pigs demonstrates its suitability as a model for investigation of the mechanisms of hearing loss in human Hybrid CI patients. This study is also the first study to support a role of the stria vascularis and/or formation of new bone around the electrode, in implantationinduced hearing loss, and indicates the need for more detailed investigation in these directions. Further investigation is necessary, however, to conclude a strong association between low frequency residual hearing loss and electrical stimulation, and to find physiological correlates for the electrical-stimulation induced hearing loss. Clearly, in order to eventually develop treatments or strategies to prevent hearing loss after implantation, further study of mechanisms of both low-frequency hearing loss from chronic stimulation and high-frequency hearing loss from surgical trauma is needed.
